We review the impact of molecular biology on actin binding proteins, in particular on sequence relation ships and expression of clones to dissect properties in vitro. Significant homologies exist between pro teins in each class, but we propose, in addition, that common structural features exist between the F-actin binding sites of severing and cross-linking proteins.
Introduction
An ever increasing number of actin binding proteins have been purified from a wide variety of eukaryotic cells and tissues. They have been classified according to their effects on actin in vitro (Bennett and Weeds, 1986) . However, particular actin binding properties, e.g. cross-linking, are not unique to single proteins. Different proteins co existing in the same cell are capable o f showing a similar phenotype. Futhermore, functional analogues o f indi vidual proteins appear to be universally distributed in eukaryotes.
Understanding the structural relationship between polymorphic forms of actin binding proteins of very different sizes has progressed at a furious rate due to the impact of molecular biology. This reflects improvements in techniques, including protein sequencing, cDNA library construction and screening by PCR, as well as more general cloning methods; all of these facilitate easier identification and analysis. Often the hardest part is finding the right cDNA library in the first place! It is impossible in this review to describe the almost endless list of proteins that have now been cloned. Here we restrict our discussion to the actin severing and capping proteins typified by gelsolin and the cross-linking proteins typified by a'-actinin, which we regard as paradigms for others.
are more closely related to the N-terminal half o f gelsolin than its C terminus (Ampe and Vandekerckhove, 1987; André et al. 1988) . This, together with their similar properties, suggests that fragmin and severin may be ancestral prototypes (Yin et al. 1990) . Villin has an almost identical sequence to gelsolin but contains an additional actin binding 'head-piece' at its C terminus, which accounts for its unique cross-linking activity (Glenney et al. 1981) . More detailed sequence analysis suggests that all these proteins have a more complex evolution from an ancestral actin binding protein of about 15000M r, based on a weaker six-fold segmental repeat in gelsolin and a corresponding three-fold repeat in the smaller homologues (Way and Weeds, 1988; Bazari et al. 1988) .
The three actin binding domains in gelsolin identified by limited proteolysis (Bryan, 1988) are distributed unevenly within the six segmental repeat (S l-6 ). Seg ment 1 contains a strong calcium-independent monomer binding site. A second monomer binding site exists in S 4-6, which differs from SI in showing much weaker affinity and strict calcium dependence. The third binding site is located in S 2 -3 and it is unique in being specific for filamentous actin. We currently do not understand the relationship between the actin binding domains and the six-fold repeats.
Multiple alignments of all the sequences show that the greatest homology is found in segment 1, the smallest actin binding domain. Two other classes of monomer binding proteins of similar size have been described: the profilins, which sequester monomers and show weak capping activity (Pollard and Cooper, 1984) and a class of severing proteins including actin depolymerizing factor, cofilin and destrin (reviewed by Vandekerckhove, 1990) . Interestingly, there are regions of sequence homology between these two classes and segment 1 (reviewed by Vandekerckhove, 1989) . While it may be tempting to speculate that all these proteins have evolved from a more primitive prototype, functional similarity of proteins may arise by convergent rather than divergent evolution. It is important therefore to assess the significance of these sequences in relation to actin binding activity (see later).
Actin cross-linking proteins
Proteolysis of a-actinin has identified an N-terminal, 27 000 Mr, F-actin binding domain (Mimura and Asano, 1987) . This shows no obvious sequence relationships to S23 of gelsolin, but it is highly homologous to a domain in a number o f other actin cross-linking proteins, including fimbrin, filamin, spectrin, the 120x10 Mr gelation factor of Dictyostelium discoideum and dystrophin (Blanchard et al. 1989; de Arruda et al. 1990) , though actin binding by
dystrophin has yet to be demonstrated. Although these proteins contain a related actin binding site, they are of very different sizes and form very different supramolecular structures with F-actin. Fimbrin is the smallest: it contains two actin binding domains and bundles filaments (de Arruda et al. 1990) . All the others contain only a single actin site; hence cross-linking requires self-association. Furthermore, the nature and rigidity of the networks formed depends on the flexibility of the molecules and their mode of self-association. Filamin and gelation factor form flexible networks, while spectrin appears to generate a more rigid and organised lattice structure, probably largely due to the small size of the actin protofilaments and the additional membrane interactions via ankyrin.
Within this common structure, four regions of 30-40 residues show an even greater conservation of sequence than the whole domain (de Arruda et al. 1990) . Further more, comparison of these sequences suggests that the domain evolved by gene duplication of two 125-residue repeats. At least the first of these repeats contains an actin binding site based on co-sedimentation of a trypic peptide of /3-spectrin (Ala47 and Lysl86) with F-actin (Karinch et al. 1990 ). An even shorter 27-amino acid sequence essential for actin binding has been identified in the 1 20 xl0 3Mr gelation factor of Dictyostelium. This is located near the C terminus of the first 125-residue repeat, but there is no corresponding sequence in the second (Bresnick et al. 1990) . These relationships are shown in Fig. 1 .
Chemical cross-linking with zero length cross-linkers has been used to identify sites on actin for a number of actin binding proteins. In the case of Q'-actinin, these experiments suggested two contact sites on actin, one within the N-terminal residues 1-12 and the other between residues 86 and 119. The 3-dimensional structure of actin shows that these sequences are spatially close together in subdomain 1 (Kabsch et al. 1990 ). This domain lies at high radius in the filament and also contains the binding site for myosin as well as a number of other actin binding proteins (Holmes et al. 1990 ). It will be interesting to see whether S23 can be cross-linked to the same region of actin.
As already stated, alignments of the actin binding site of o"-actinin and S23 of gelsolin show no obvious overall B Fig. 1 . Schematic representation of the actin binding site of actin cross-linking proteins. The 125-residue tandem repeat is indicated along with the four regions of 30-40 residues which identify this duplication (shaded). A,B and C correspond to the sequences common to gelsolin and cv-actinin shown in Fig. 2 ; D is the tryptic peptide of /3-spectrin which binds F-actin and E the 27-amino acid sequence essential for binding in Dictyostelium 1 2 0 x l0 3Mr gelation factor. The first 125-residue repeat is cross-hatched.
relationship. However, detailed comparison of the most conserved regions in the actin cross-linking domain with S23 shows evidence of limited homology between these two different classes of actin binding proteins (Fig. 2) . In addition there is an overall similarity of these F-actin binding sites. Both are contained in proteolytically stable domains of about 250 residues, which can be subdivided into two repeats of 120-125 amino acids. Both bind at a 1:1 ratio to F-actin subunits and in a calcium-insensitive manner. The limited nature of the homologies might indicate evolution from a common ancestor. An alterna tive explanation, which we favour, is that the highly conserved nature of the interaction site in actin necessit ates conserved structural features in proteins associating with the same monomer subdomain in the filament. This is analogous to the common motifs used to identify nucleo tide binding sites in myosins, kinases and related proteins. This hypothesis can be tested by using chemical cross linking to identify contact sites. It will also be interesting to find out whether the domains can be functionally exchanged between the cross-linking and severing classes of actin binding proteins. We are currently attempting to test this, using chimeras in which the F-actin binding domains between the two proteins are exchanged.
CSK 241 (Kwiatkowski et al. 1989; Way et al. 1989 ). More recently we have attempted to answer the second question in respect of the smallest actin binding domain, SI, using site-directed mutagenesis (Way et al. 1990) .
Expression of clones to dissect function
We have found that truncation of the N terminus by 11 residues had no effect on actin binding, but removal of a further 8 residues eliminated binding altogether. We cannot rule out that these 8 residues are critical for actin binding, but it is equally possible that loss of phenotype may reflect incorrect folding o f this mutant. Deletions at the C terminus have a more progressive effect on actin binding and provide new information about the involve ment of calcium in interaction by this domain. Removal of 19 residues gives identical actin affinity in calcium, but compared to intact SI this mutant has a 100-fold lower affinity in EGTA. Deletion of an additional 5 residues reduces the affinity for actin in calcium by over 50-fold and there is no detectable binding in EGTA. Further trunc ation results in progressively weaker binding until it is eliminated when 29 residues have been removed.
The appearance of calcium-sensitive binding was unex pected, since earlier results had suggested that this domain was calcium insensitive (Kwiatkowski etal. 1985) . However, indirect evidence based on nucleotide exchange rates suggested that actin binding may be different in calcium and EGTA (Bryan, 1988) . Our calcium-binding experiments showed that the interaction between SI and actin creates an additional calcium binding site not seen in SI or actin individually. This calcium site probably corresponds to the calcium found 'trapped' in EGTA-stable binary complexes of gelsolin and actin (Bryan and Kurth, 1984) . Thus the appearance of calcium-sensitive binding in our experiments is simply due to reduction of actin binding affinity by the mutant into a range where calcium dependence can be observed in equilibrium experiments.
It is noteworthy that recovery of calcium sensitivity was also observed by Kwiatkowski et al. (1989) in an analysis o f severing activity by C-terminally truncated mutants of gelsolin. However, we do not believe that the severing activity observed in these heavily truncated mutants occurs by the same mechanism as that in intact gelsolin. Our experiments have shown that while our expressed mutant N160 (corresponding to PG160 (Kwiatkowski et al. 1989) ) increases the rate of depolymerization of F-actin in a manner consistent with severing, there is no significant capping by this mutant, because the F-actin viscosity quickly recovers to near its original value (B. Pope et al. unpublished work). These properties are similar to the behaviour of actin depolymerizing factor and suggest a common mechanism.
The identification o f a region at the C terminus o f SI has enabled us to focus on the role o f invidual amino acid residues in actin binding within this area. Although over 20 such mutants have been analyzed, we have been unable to identify any residue critical for actin binding, as their properties are almost all indistinguishable from native SI. One outcome of this work has been to show that particular residues within sequences showing high homology be tween different classes of monomer binding proteins are not essential for actin binding (Way et al., unpublished) .
Probing cellular functions
Identifying binding sites and understanding the activities of actin binding proteins in vitro does not reveal their cellular functions. However, cDNA clones can be used to probe mRNA and, in conjunction with antibodies, protein levels in cells. In this way it may be possible to monitor the cellular distribution of individual proteins and correlate this with morphological or motile changes. It is important to assess changes in the levels of different cytoskeletal proteins simultaneously, as phenotypic changes are likely to depend on the balance of the various actin binding proteins.
Two other approaches have been used to explore the function of particular proteins which rely (1) on eliminat ing expression of the endogenous gene or (2) overex pression of a gene which may or may not be found in that cell type. (1) Gene disruption has been achieved either by using chemical mutagenesis (e.g. by André et al. 1989 for producing mutants of Dictyostelium. deficient in severin) or by homologous recombination (e.g. by Manstein et al. 1989 for generating myosin II null mutants, also in Dictyo stelium). (2) The best example of this approach to date is that of Friederich et al. (1989) , who monitored the effects of expressing villin in fibroblasts (which do not normally contain this protein). We have recently reviewed these and other experiments on the functions o f actin binding proteins in vivo (Way and Weeds, 1990) and it is clear that our current understanding is rudimentary.
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